For effective chemotherapy, it is necessary to deliver therapeutic agents selectively to their target sites, since most drugs are associated with both beneficial effects and side effects. The use of lipid dispersion carrier systems, such as lipid emulsions and liposomes, as carriers of lipophilic drugs has attracted particular interest. A drug delivery system can be defined as a methodology for manipulating drug distribution in the body. Since drug distribution depends on the carrier, administration route, particle size of the carrier, lipid composition of the carrier, electric charge of the carrier and ligand density of the targeting carrier, these factors must be optimized. Recently, the lipid carrier system has also been applied to gene delivery systems for gene therapy. However, in both drug and gene medicine cases, a lack of cell-selectivity limits the wide application of this kind of drug and/or gene therapy. Therefore, lipid carrier systems for targeted drug and gene delivery must be developed for the rational therapy. In this review, we shall focus on the progress of research into lipid carrier systems for drug and gene delivery following systemic or local injection.
Introduction
For effective chemotherapy, it is necessary to deliver therapeutic agents selectively to their target sites, since most drugs are associated with both beneficial effects and side effects. In general, the lack of selectively of most conventional drugs is closely related to their pharmacokinetic properties. The in vivo fate of a drug given by a particular administration route is determined by both the physicochemical properties of drug and the anatomical and physiological characteristics of the body. Most conventional drugs diffuse freely throughout the body and show relatively even tissue distribution due to their low molecular weight. 1) The use of lipid dispersion carrier systems, such as lipid emulsions and liposomes, as carriers of lipophilic drugs has attracted particular interest. A drug delivery system can be defined as a methodology for manipulating drug distribution in the body. Since the drug distribution of loaded lipid carriers varies depending on; i) administration route (i.e., local or systemic injection) of the carrier, ii) drug release from the carrier, iii) lipid composition and electric charge of the carrier, and iv) particle size of the carrier, these factors must be considered.
Recently, lipid carrier systems have also been applied to gene delivery systems for gene therapy.
2) The most important factor for successful gene therapy is the development of novel gene vectors; therefore, various viral vectors and nonviral vectors have been developed. Although the gene transfer efficacy of the current non-viral vector systems is lower than that of viral vectors, the approach seems useful for many applications that require gene expression from the viewpoint of safety. Among the various types of non-viral vectors, cationic liposome mediated gene transfection seems to be one of the most promising approaches because of its relatively high transfection efficiency.
In both drug and gene medicine cases, however, lack of site (or cell)-selectivity limits the wide application of this kind of drug and/or gene therapy. In this review, we shall focus on the progress of research into lipid carrier systems for drug and gene delivery following systemic or local injection.
Lipid Emulsions for Drug Delivery Following Local Injection
Lipid emulsions are considered to be superior to liposomes due to the fact that they can be produced on an industrial scale, are stable during storage, are highly biocompatible, and have a high solubilizing capacity as far as lipophilic drugs are concerned because lipid emulsions possess an oil phase in particulate form, so they can dissolve large amounts of highly lipophilic drugs.
3) An important prequisite for success in the application of pharmacologically active drugs is site-specificity. Local injection into the diseased tissues is one promising approach. This is particularly applicable to cancer chemotherapy, in which the supply of antitumor drugs to non-diseased tissue leads to serious side effects.
The local retention of anticancer agents injected intratumorally is very low because of the large diffusion capability due to their small molecular size. In our series of studies, we have demonstrated an increased transport and prolonged supply of antitumor drugs to lymphatics with water-in-oil (W/O) emulsions. 4, 5) In addition, the intratumoral injection of antitumor drugs is one of the most promising approaches for solid local tumors, to minimize the side effects and maximize cytotoxicity at the tumor site. [6] [7] [8] To enhance the retention and/or distribution in the lymph or tumor, lipid emulsions have been used because of their favorable characteristic as a biodegradable drug reservoir. In this section, we shall focus on lipid emulsions for local injection. Figure 1 represents a model of drug transfer to the lymph after topical injection of lipid carrier formulation. As shown in this model, the drug injected into interstitial spaces of tissues is transported away from the injection site by the circulating blood, but reaches the regional lymph nodes to varying degrees, depending on the site of injection.
Distribution Characteristics of Lipid Emulsions or Liposomes Following Intramuscular or Intragastric Injection
The lymphatic transport of bleomycin in different formulations; oil-in-water (O/W) and W/O emulsions was investigated. 4) When O/W and W/O emulsions were utilized as the delivery system, the W/O emulsion was effective in increasing the lymph level, in both cases of intraperitoneal and intramuscular injection. In the emulsion system, the hydrophilic anticancer drug is predominantly located not in the oily phase, but in the aqueous phase; consequently, bleomycin is distributed in the outer phase in the case of the O/W emulsion, and it is encapsulated in the inner phase in the case of the W/O emulsion. Although the utilization of an emulsion seems promising for the facilitation of drug transportation into the lymph, the instability of the emulsion is one of the problems from the viewpoints of pharmaceutical technology. In order to enhance the stability, gelatin spherein-oil (S/O) emulsions were developed as a new formulation for anticancer drugs. The greatest enhancement of the drug delivery and successful prevention of lymphatic metastasis was obtained with S/O emulsions following intramuscular and intragastric injection. 5, 9, 10) The lymphatic transport of the S/O emulsion was accelerated by the increase of injection volume and massage of the injection site, suggesting that hydrostatic tissue pressure plays a role in lymphatic delivery. 11) Furthermore, sphere-in-oil-in-water (S/O/W) multiple emulsions were developed to reduce the viscosity and improve the storage stability of multiple emulsions. 12) Both S/O and S/O/W emulsions an exhibited enhanced lymphatic transfer of bleomycin following injection into the appendices of rabbits (Fig. 2) .
In clinical trials, 27 of 33 patients received a bleomycin S/O emulsion injected directly into the tumors with satisfactory results. Comparative studies of treatments between the bleomycin S/O emulsion and surgery indicated that injection therapy of the bleomycin S/O emulsion would be more beneficial than surgical excision. 13) As for the O/W emulsion, large logPCoct values or a high lipophilicity are required for drugs in order to keep them in the O/W emulsion. One of the most interesting potential approaches to prolong the retention time in emulsions after local injection is to increase the lipophilicity of the drug by chemical modification, leading to a prodrug. 14, 15) That is, the combined application of lipophilic prodrug to the lipid carrier should achieve controlled drug release. 16) In fact, the lipophilic prodrug mitomycin C 17) and 5-fluorouracil 18) were more stably incorporated into the O/W emulsion and liposomes after intramuscular injection. This approach, the combined application of lipophilic prodrug to lipid carrier, could be applied to the liposomes. After intramuscular injection, liposomes appeared to accumulate at the lymph nodes to a greater degree than O/W emulsions 19) ; accordingly, liposome formulation is an effective approach for the lymph-selective drug delivery carrier. However, a distribution study of liposomes with incorporated drugs demonstrated that hydrophilic drugs were rapidly released from the liposomal formulations after intramuscular injection. In contrast, nonyloxycarbonyl mitomycin C was completely incorporated in the liposomes. In addition, we confirmed that nonyloxycarbonyl mitomycin C incorporated liposomes enhanced drug delivery to the regional lymph nodes after intramuscular injection. Drug incorporation efficacy into the liposomes depends not only on the lipophilicity of drugs but also on the type used in the lipid of liposomes 20) ; therefore, both the physicochemical properties of the drug and the lipid formulation should be considered with liposomal drug delivery systems. 
Distribution Characteristics of Lipid Emulsions
Following Intratumoral Injection Efficient cancer chemotherapy requires a high degree of selective localization of antitumor drug in the tumor. In this context, various drug delivery systems have been proposed and extensively investigated for their potential therapeutic application. Among the various routes of administration, the intratumoral route is a promising approach for solid local tumors to minimize the side effects and maximize cytotoxicity at the tumor site. [6] [7] [8] However, in most cases, the retention of antitumor drugs injected intratumorally is considered to be very low because of their low molecular size. In order to improve the retention of these drugs, lipid carriers could be used as a drug reservoir.
In order to clarify the distribution characteristics of injected drugs or carrier formulations after direct intratumoral injection, a Walker 256 tissue-isolated tumor perfusion system was employed. [21] [22] [23] This is a unique system, composed of a solid tumor with a pair of supplying arteries and a draining vein, and enabled us to study the intratumoral pharmacokinetics of a variety of materials, independent of the systemic circulation. The pharmacokinetics of anticancer drugs, macromolecular prodrugs and drug carriers following intraarterial infusion or direct injection into the tumor have been studied with this system.
Using tumor-perfusion systems, the effect of the size of emulsions was studied. 24) A large emulsion (250 nm in diameter) and a small emulsion (85 nm in diameter) were prepared. Each formulation was labeled with [ 3 H]cholesteryl hexadecyl ether. In the case of the small emulsion formulations, a large fraction of the injected dose appeared in the venous outflow, 35-50% of the dose was recovered in the first minute after injection, on the tumor surface, and only about 10-40% of the injected dose remained in local tumor tissue. On the other hand, the large emulsion formulations remained in the tumor for a considerably longer time, and about 70% of the injected dose remained in the tumor 2 h after intratumoral injection. These results indicate that particle size is an important determinant of the retention in the tumor after intratumoral injection.
Lipid Emulsions for Drug Delivery Following Systemic Injection
O/W lipid emulsions and liposomes, as carriers of lipophilic drugs, have attracted particular interest following systemic injection. In particular, lipid emulsion formulations are considered to be superior to others due to the fact that they can be produced on an industrial scale, are stable during storage, and are highly biocompatible. In fact, emulsion formulations of lipophilic drugs, such as prostaglandin E 1 , diazepam and non-steroidal anti-inflammatory drugs, have already been developed and marketed. [25] [26] [27] With recent pharmaceutical and therapeutic developments, lipid emulsions have been introduced as parental drug carriers offering sustained release and organ targeting. In this section, we shall focus on the progress of research into passive and active targeting systems of emulsions after systemic injection.
Distribution Characteristics of Lipid Emulsion Following Systemic Injection
In order to clarify the distribution characteristics of emulsions after systemic injection, a pharmacokinetic study was performed using a [
14 C]-labeled cholesteryl oleate labeled emulsion. After intravenous injection, the large emulsion (about 280 nm in diameter) rapidly disappeared from the blood and about 60% of the dose was recovered in the liver within 10 min of its intravenous injection in mice. 28) On the other hand, small emulsions (about 100 nm in diameter) showed a reduced hepatic uptake and a prolonged blood circulation time. A pharmacokinetic analysis revealed that the small emulsion has an 8-to 100-times smaller organ distribution clearance by the liver, spleen and lungs and about a 4-times greater area under the plasma concentration-time curve (AUC) than the large emulsion. Singlepass rat liver perfusion experiments have shown that more than 70% of the large emulsion was extracted by the liver, indicating extensive uptake of the large emulsion during a single passage. 29) In addition, the large emulsion was predominantly recovered from liver non-parenchymal cells (NPC), including Kupffer cells, and showed a higher accumulation in the NPC fraction.
Sphingomyelin (SM) is known to stabilize the membrane structure of liposomes and the addition of SM to liposomes has been reported to be effective in reducing their clearance by the RES. [30] [31] [32] In order to develop a stable emulsion in blood, we developed novel emulsions composed of soybean oil and egg yolk SM (SM emulsion). 28) After intravenous injection, the SM emulsion showed a prolonged retention in the blood circulation. The uptake clearance of the SM emulsions in the liver was about 4-times less than that of conventional emulsions, suggesting reduced clearance by the RES.
Galactosylated Emulsions for Asialoglycoprotein Receptor-Mediated Drug Delivery to Hepatocytes
Cellspecific drug targeting is sometimes urgently required for a variety of clinical purposes; however, there are few reports of cell-specific drug targeting using lipid emulsions. Recently, Rensen et al. developed novel apo E associated emulsions for hepatocyte targeting. 33) These apo E associated emulsions are reported to be selectively taken up by liver parenchymal cells (PC) and are useful for the delivery of antiviral drugs, such as iododeoxyuridine, to hepatocytes. However, the introduction of apo E to the carrier is rather complicated, and so there can be problems as far as the reproducibility and stability of apoE emulsions are concerned.
Receptors for carbohydrates, such as the asialoglycoprotein receptor on hepatocytes and the mannose receptor on several macrophages and liver endothelial cells, recognize the corresponding sugars on the non-reducing terminal of sugar chains. The lipid emulsion (oil-in-water) surface exhibits aqueous properties; thus a galactose moiety could cover the emulsion surface. It was reported that a lipophilicity exceeding logPCoctϭ8 34) or 18 35) was required for the stable entrapment of drugs in O/W emulsions after intravenous injection; accordingly, ligand modified lipids should possess a high lipophilicity for efficient delivery in vivo.
Our strategy for the efficient targeting of lipid carriers by glycosylation is to achieve stable fixation of the sugar moiety on the surface of the liposomes under in vivo conditions. Therefore, cholesterol was chosen as a hydrophobic anchor, which is stably associated with the liposomal membrane 36, 37) and only mono-galactoside was introduced to the lipid as a ligand because the introduction of many hydrophilic galactose moieties to a lipid anchor would result in their removal from liposomes by interacting with lipoproteins and/or other lipid compartments under in vivo conditions. 38) We synthesized a novel galactosylated cholesterol derivative, i.e., cholesten-5-yloxy-N-(4-((1-imino-2-D-thiogalactosylethyl)-amino)butyl) formamide (Gal-C4-Chol), to modify lipid carriers with galactose moieties for hepatocyte targeting. 39) When Gal-C4-Chol was added to O/W emulsions, a hydrophilic galactose moiety was fixed to the particle surface. Figures 3A and B show the scheme of ligand modified lipid carriers for cell-selective drug delivery.
After intravenous injection, galactosylated emulsions (Gal-emulsions) were rapidly eliminated from the blood and accumulated in the liver, in contrast to the bare-emulsions. 40) The liver uptake clearance of the Gal-emulsions was 3.2-times greater than that of the bare-emulsions. The uptake ratio in liver PC and NPC of the Gal-emulsions was higher than that of the bare-emulsions, suggesting that Gal-emulsions are effective PC-selective carriers. The hepatic uptake of Gal-emulsions, but not that of bare-emulsions, was significantly inhibited by predosing not only with lactoferrin but also Gal-liposomes, suggesting an asialoglycoprotein receptor-mediated endocytosis. Thus, Gal-emulsions have been proven to be an alternative carrier for hepatocyte-selective drug targeting after intravenous injection.
Liposomes for Drug Delivery Following Local Injection
Similar to emulsions, the intratumoral injection of antitumor drugs or genes with liposomes is one of the most promising approaches for solid local tumors to minimize side effects and maximize cytotoxicity at the tumor site. Liposomes have also been used because of their favorable characteristics as a biodegradable drug or gene medicine reservoir. In this section we shall focus on the local distribution characteristics of liposome formulations after intratumoral injection have become an important issue in drug or gene delivery.
Distribution Characteristics of Liposomes Following Intratumoral Injection
Since drugs incorporated in liposomes are distributed with liposomes, the distribution characteristics of liposomes after intratumoral administration are important. To investigate the effect of size or charge on distribution, neutral liposomes (120-nm in diameter), and cationic liposomes (125-nm in diameter) were prepared. 24) Each formulation was labeled with [ 3 H]cholesteryl hexadecyl ether. The zeta potentials of neutral liposomes and cationic liposomes were Ϫ5.4 and 47.6 mV. The pharmacokinetic properties of the gene were studied after direct intratumoral injection using a Walker 256 tissue-isolated tumor perfusion system. After intratumoral injection, approximately 90% of the administered cationic liposomes remained in the tumor while the corresponding figure for neutral liposomes was 18%. Since the size of each liposome was almost the same, cationic liposomes may remain in the tumor due to the electrostatic interaction after intratumoral injection. Wolff et al. reported that naked pDNA in the skeletal muscle after intramuscular injection is specifically located in T tubules and/or caveolae specific to striated muscle, and these structures may play an important role in the uptake rather than physical disruption of the membrane of myotubes with direct injection. 41) We applied this method to the pharmacokinetic evaluation of naked pDNA and its cationic liposome complexes.
Distribution and Gene Expression Characteristic of pDNA and Its Complex with Cationic Liposomes after Intratumoral Injection
42) The pharmacokinetic properties of the gene were studied after direct intratumoral injection using a Walker 256 tissue-isolated tumor perfusion system. [21] [22] [23] Approximately 50% of the naked pDNA was eliminated from the tumor 2 h after injection and intact pDNA was found in the venous outflow, while more than 90% of the pDNA was retained in the tumor when complexed with cationic liposomes (Lipofectin ® ), suggesting that the cationic liposomes increase the retention of pDNA in the tumor tissue due to electrostatic interaction which results in less appearing in the venous outflow.
Gene expression was assessed in three types of solid mouse tumors after the direct injection of naked pDNA encoding the luciferase gene (pCMV-Luc) and its DC-Chol liposome complexes.
43) The intratumoral injection of naked pCMV-Luc into subcutaneously inoculated mouse colon tumor (CT-26), fibrosarcoma (MCA-15) and bladder carcinoma (MBT-2) resulted in significant gene expression regardless of the rapid clearance from the injection site. Sur-prisingly, a cationic liposome formulation, which was expected to have a longer retention in the tumor, showed a lower level of gene expression in these tumor models. Moreover, increasing the cationic charge of the lipoplex decreased the gene expression in the tumors. These results suggested that free pDNA might affect the gene expression following intratumoral injection.
Gene Expression Characteristics of pDNA and Its Complex with Cationic Liposomes after Intravitreal
Injection To optimize the in vivo ocular transfection efficiency of pDNA/cationic liposome complexes, DOTMA/ DOPE liposomes and DOTMA/cholesterol liposomes were prepared with varying amounts of pDNA. 44) pDNA/cationic liposome complexes were intravitreally injected in rabbits, and the luciferase activity in the cornea, aqueous humor, iris-ciliary body, lens, vitreous body and retina were measured. In the case of intravitreal injection, the gene expression in ocular tissues of the lipoplex was markedly higher than those of naked pDNA. Taking the intratumoral injection results into consideration, the gene expression characteristics after local injection (i.e., naked pDNA vs. lipoplex) differed from the injection site.
Liposomes for Drug Delivery Following Systemic Injection
Liposomes are an established example of a lipid carrier system that has been researched extensively. After intravenous injection, they are commonly retained in the blood circulation and removed by the RES. Thus, their application is mainly limited to persistent retention in the blood circulation and passive targeting to the RES or solid tumors with a highly permeable capillary endothelium. Since an ideal drug therapy has high therapeutic efficacy with few side effects, cell-specific targeting of liposomes is sometimes urgently required for a variety of clinical purposes.
Galactosylated Liposomes for Asialoglycoprotein Receptor-Mediated Drug Delivery to Hepatocytes
Receptor-mediated drug delivery is a promising approach to site-selective drug delivery. Receptors for carbohydrates, such as the asialoglycoprotein receptor on hepatocytes (liver PC) and the mannose receptor on several macrophages and liver endothelial cells, recognize the corresponding sugars on the non-reducing terminal of sugar chains.
2) This mechanism would be an effective way to achieve hepatocyte targeting.
For the application of drug targeting systems to liposomes, we developed Gal-C4-Chol to modify liposomes with galactose moieties for hepatocyte-selective drug delivery (Figs.  3A, B) . 45) As mentioned for Gal-emulsions, our strategy for the efficient targeting of lipid carriers by glycosylation is achieved by stable fixation of the sugar moiety on the surface of the liposomes under in vivo conditions. Since cationic charge enhances the non-specific interaction, galactosylated liposomes for drug delivery were prepared with by Gal-C4-Chol, neutral lipid (distearoylphosphatidylcholine) and cholesterol. Each formulation was labeled with [ 3 H]cholesteryl hexadecyl ether. After intravenous injection, galactosylated liposomes (Gal-liposome) rapidly disappeared from the blood and 85% of the dose had accumulated in the liver within 10 min, while the hepatic accumulation of bare liposomes was 12% (Fig. 3C) . The liver was perfused with collagenase, and liver PC and NPC were separated by centrifugal differentiation to determine the cellular distribution. The PC/NPC ratios for Gal-liposomes and bare-liposomes were 15.1 and 1.1, respectively, indicating the PC-selectivity in Gal-liposomes. Furthermore, the hepatic uptake of Gal-liposome liposomes was significantly inhibited by the predosing of galactosylated bovine serum albumin, but not by that of bare-liposomes. These results indicated that Gal-liposomes are efficiently taken up by the asialoglycoprotein receptor on PC after intravenous injection. These Gal-liposomes were able to effectively deliver prostaglandin E 1 46) and probucol 47) to hepatocytes in vivo, indicating that Gal-liposomes function as hepatocyte-selective drug carriers of lipophilic drugs. Moreover, the recognition by asialoglycoprotein receptors of Gal-liposomes in vivo may be affected by the cholesterol contents 48) and lipid compositions 47, 49) in Gal-liposomes. 50) and fucosylated 51) proteins are efficiently taken up by NPC, mainly composed of sinusoidal endothelial cells and Kupffer cells, and this uptake was mediated by mannose and fucose receptor mediated endocytosis. 52) Based on these observations, we synthesized two glycolipids, cholesten-5-yloxy-N-(4-((1-imino-2-D-thiomannosylethyl)amino)butyl) formamide (Man-C4-Chol) and cholesten-5-yloxy-N-(4-((1-imino-2-D-thiofucosylethyl)-amino)butyl)formamide (Fuc-C4-Chol), to prepare the mannosylated (Man-) and fucosylated (Fuc-) liposomes for NPCselective drug delivery via mannose and fucose receptor mediated uptake. 53, 54) Furthermore, we have demonstrated that mannose-specific lectin in the serum, MBP, which binds to pathogens having mannose units on their surface, can bind to Man-liposomes, and these MBP-bound Man-liposomes are more efficiently recognized by macrophages.
Mannose and Fucose Liposomes for Mannose and Fucose Receptor-Mediated Drug Delivery to Liver NPC After intravenous injection, we have demonstrated that mannosylated

Cationic Liposomes for Gene Delivery Following the Systemic Injection
In 1987, Felgner et al. reported that the use of cationic liposomes was more effective than either the calcium phosphate or the DEAE-dextran transfection technique in various cultured cells. 56) This technique is simple, highly reproducible and effective for both the transient and stable expression of transfected DNA. In 1993, Zhu et al. reported in vivo gene expression could be observed by the intravenous injection of pDNA complexed with DOTMA (N-[1-(2,3-dioleyloxy)propyl]-n,n,n-trimethylammonium chloride)/DOPE (dioleoylphosphatidylethanolamine) liposomes; however, its transfection efficacy seemed to relatively low. 57) In the late 1990s, several studies showed that various factors enhanced the gene expression in vivo. [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] These factors for in vivo gene expression due to lipoplex are listed in Table 1 . After the intravenous administration of lipoplex, the lung shows the highest amount of gene expression among the various organs and the lung endothelial cells are the main contributor to transgene expression. We and others have confirmed that the gene expression level in the lung is 100-10000 times higher than that in the liver and spleen. Using these gene expression characteristics of the lung, lipoplex was applied to the prevention of lung cancer metastasis in mice. 68, 69) Since the physicochemical properties of pDNA are almost the same, irrespective of the encoding cDNA for the therapy, targeting technologies are especially required for their broad clinical application.
For successful in vivo gene delivery using these carrier systems, there are many barriers to overcome. 70) Such factors include; i) the extent of DNA condensation, ii) particle size of the lipoplex, iii) interaction with endogenous components and tissues, iv) the route of administration, v) stability against nucleases, vi) controlled in vivo distribution, vii) binding to cell surface receptors and internalization, and viii) how intracellular trafficking affects in vivo gene delivery and expression. 71) Since many barriers from the injection site to the target cells exist for cell-selectivity with in vivo gene transfection, there are few in vivo reports compared with in vitro observation. In order to develop an effective cell-selective in vivo gene carrier, therefore, the distribution characteristics of gene medicine must be clarified. 72, 73) Based on the pharmacokinetic information, we have developed novel cellselective gene transfection carriers. In this section, we shall focus on the progress of research into targeted delivery systems of lipoplexes after systemic administration.
Distribution Characteristic of pDNA Following the Systemic Injection
To develop a strategy for establishing liposomal carrier systems of pDNA, it is necessary to understand their in vivo distribution characteristics. Thus, the distribution characteristics of pDNA were analyzed by [ 32 P] labeled pDNA. After intravenous injection, [ 32 P] pDNA was rapidly eliminated from the plasma, involving extensive uptake by the liver. 74) Pharmacokinetic analysis demonstrated that the hepatic uptake clearance of pDNA is almost identical to the plasma flow rate in the liver, suggesting highly effective elimination by the liver. As for the uptake mechanism by the liver, a competitive inhibition study demonstrated that [ 32 P] pDNA is taken up preferentially by the liver NPC via a scavenger receptor-mediated process, in a manner specific for polyanions. The involvement of scavenger receptors in the hepatic uptake of pDNA has also been supported by a single-pass rat perfusion study 75) and an uptake study using primary cultured mouse peritoneal macrophages. 76, 77) 
Distribution and Gene Expression Characteristics of Lipoplexes Following Systemic Injection
The distribution characteristics of lipoplexes at the early period is 876 Vol. 53, No. 8 79, 80) After the intravenous injection of a [ 32 P] lipoplex, a rapid clearance of pDNA from the circulation was observed with extensive accumulation in the lung and liver. As far as the type of liver cells involved was concerned, the [ 32 P] lipoplexes were predominantly taken up by liver NPC. As for the uptake mechanism by liver NPC, a competitive inhibition study demonstrated that the hepatic uptake of lipoplexes was significantly inhibited by the preceding administration of dextran sulfate, but not by poly [C] and poly [I] , suggesting the involvement of a phagocytic process.
Recent studies have demonstrated that the intravenous administration of a lipoplex induced significant proinflammatory cytokine production in the blood and inhibited transgene expression in the pulmonary endothelial cells. 81, 82) Even if gene expression is exhibited at a favorable level, a high toxicity would lead to failure in clinical application. We have demonstrated that tissue macrophages involving liver Kupffer cells and spleen macrophages are closely involved in TNF-a production. 83) This result corresponded with our previous distribution results that the [ 32 P] lipoplex was mainly distributed in the liver NPC. 84, 85) Thus, it was suggested that avoiding lipoplex uptake and subsequent cytokine production by Kupffer cells and spleen macrophages would be a useful method of maintaining a high level of gene expression in the lung after repeated injections.
6.3. Galactosylated Cationic Liposomes for Asialoglycoprotein Receptor-Mediated Gene Delivery to Hepatocytes For cell-specific delivery, receptor-mediated endocytosis (RME) systems possessed by various cell types would be useful and a number of gene delivery systems have been developed to introduce foreign DNA into specific cells with RME. Table 2 summarizes the cell-selective in vivo gene delivery systems using ligand modified cationic liposomes or polymer. [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] Since there are many barriers under in vivo conditions, there are few reports about the cell-selective gene delivery using ligand-modified lipoplexes. In order to overcome these barriers, gene carrier systems must be developed by consideration of the effect of physicochemical properties on the in vivo distribution. In this section, we shall focus on the research into our targeted gene systems of lipoplexes using asialoglycoprotein receptors.
Hepatocytes exclusively express large numbers of high affinity cell-surface receptors that can bind asialoglycoproteins and subsequently internalize them to the cell interior. Remy et al. reported the feasibility of using galactose-presenting lipopolyamine vectors for targeted gene transfer into hepatoma cells under in vitro conditions.
101) The inclusion of galactose residues in the electrically neutral complex increased the transgene expression approaching the level obtained with a large excess of cationic liposomes alone. For in vivo hepatocyte-selective gene transfection, we designed Gal-C4-Chol for the preparation of the galactosylated cationic liposomes. 39) A distribution study demonstrated that the radioactivity in the liver from the [ 32 P] pDNA/Gal-C4-Chol incorporated complex (Gal-lipoplex) was about 75% of the dose, even 1 min after intraportal injection.
87) The hepatic gene expression of the Gal-lipoplex was more than 10-times greater than that of the pDNA complexed with conventional cationic liposomes. When the gene expression was examined by determining the intrahepatic cellular levels, the gene expression of liver PC of Gal-lipoplex was significantly higher than that of liver NPC. In contrast, there was little difference in the gene expression of PC and NPC of conventional cationic liposomes. In addition, an excess amount of galactosylated bovine serum albumin was intravenously injected prior to the injection of the Gal-lipoplex; the gene expression in the liver was significantly reduced, suggesting uptake via asialoglycoprotein receptor-mediated endocytosis.
However, the level of in vivo gene expression due to the Gal-lipoplex was not as high as that expected from the in vitro results. There must be several barriers associated intrinsically with in vivo situations, such as convective blood flow in the liver, passage through the sinusoids and tissue interactions. To investigate these barrier processes, we studied the hepatic distribution profiles of Gal-lipoplexes using rat liver perfusion techniques 102) that allowed us to determine the uptake characteristics of various substances under different experimental conditions with the structure of the liver remaining intact. [103] [104] [105] In that study, we demonstrated that the penetration of the Gal-lipoplex through the hepatic fenestrated endothelium to the PC was greatly restricted in perfused rat liver in spite of the small size of the Gal-lipoplex (about 120 nm), as far as crossing the fenestrae was concerned.
In the next step, therefore, we tried to enhance the gene expression in the liver by preparing the novel stabilizing Gallipoplex. 96) Lipoplexes are often prepared in a nonionic solution due to their well-known tendency to aggregate out of solution as the salt concentration is increased. 106, 107) Aggregation during lipoplex formation in ionic solution may be due to neutralization of the surface positive charge of the lipoplex intermediate by the associated counter-ion. Taking into account neutralization by the counter-ion, we hypothesized that the presence of an essential amount of sodium chloride (NaCl) during lipoplex formation might regulate the repulsion between cationic liposomes and thereby, the fusion of cationic liposomes in the lipoplex would be accelerated by the partial neutralization of the positive charge. Consequently, pDNA in the lipoplex could be largely covered by cationic lipids while retaining enough positive charge to prevent aggregate formation. Such types of lipoplex are expected to be more stable than the conventional lipoplex, which is prepared using a nonionic solution. After intraportal administration, the hepatic transfection activity of the Gal-SCR-lipoplex was approximately 10-to 20-times higher than that of the conventional galactosylated lipoplex in mice. The transfection activity in hepatocytes of the Gal-SCR-lipoplex was significantly higher than that of the conventional lipoplex, and pre-injection of asialoglycoprotein-receptor blocker markedly reduced the hepatic gene expression, suggesting that hepatocytes are responsible for high hepatic transgene expression of the Gal-SCR-lipoplex.
Mannosylated Cationic Liposomes for Mannose Receptor-Mediated Gene Delivery to Macrophages
Macrophages are important targets for the gene therapy of a number of diseases, such as Gaucher's disease 108) and human immunodeficiency virus (HIV) infection, 109) but the process of gene transfection in such cases is not easy. The use of nonviral vectors is attractive for in vivo gene delivery because it is simpler than using viral systems and is free from some of the risks inherent in the latter. Erbacher et al. investigated the suitability of various glycosylated poly(L-lysine) derivatives for introducing pDNA into human monocyte-derived macrophages and found that mannosylated poly(L-lysine) exhibited high transfection activity. 110) However, they also reported that the transfection activity was markedly enhanced in the presence of chloroquine due to the prevention of endosomal and/or lysosomal degradation of pDNA after mannose receptor-mediated endocytosis; for this reason, their in vivo use remains limited.
Hence, a cationic liposome-based targeted gene delivery system is a better method under in vivo conditions. Recently, we synthesized Man-C4-Chol for mannose receptor-mediated gene transfection to macrophages, 91) which are known to express large numbers of mannose receptors on their surface. In primary cultured mouse peritoneal macrophages, a Man-C4-Chol containing lipoplex (Man-lipoplex) showed higher transfection activity than that of the conventional lipoplex. The presence of 20 mM mannose significantly inhibited the transfection efficiency of Man-lipoplex, suggesting that the mannosylated lipoplex is recognized and taken up by the mannose receptors on macrophages. To further enhance gene transfection, polyethylenimine (PEI) was incorporated into this liposome complex (DNA/Man-PEI-complexes), taking note of the pH-buffering capacity in endosomes and DNAcondensing activity of PEI.
111) It was demonstrated that multifunctional DNA/Man-PEI-complexes exhibit highly improved gene transfection in primary cultured macrophages via mannose receptor-mediated endocytosis.
After intravenous injection, the highest gene expression was observed in the liver after the intravenous injection of the Man-lipoplex in mice. 91) In addition, gene expression with Man-lipoplex in the liver was observed preferentially in the liver NPC and was significantly reduced by predosing with mannosylated bovine serum albumin. These results suggest that Man-lipoplex exhibits high transfection activity in NPC due to recognition by mannose receptors. Unlike the case of the Gal-lipoplex, cell-selective gene transfection can be achieved by the intravenous administration of the Manlipoplex. 92) This phenomenon could be explained by the fact that in the liver and spleen, macrophages are present around endothelial cells; therefore, they are in contact with the lipoplex without passing through the sinusoids (100-200 nm). Hence, the Man-lipoplex is effective in an NPC-selective gene transfection system, even when administered intravenously. The same phenomenon may be achieved with the intraportally administered Man-lipoplex. 112) In order to obtain a theoretical strategy to develop an efficiently targetable gene carrier to the liver by mannosylation, we studied the tissue, intrahepatic distribution and subcellular localiza- 878 Vol. 53, No. 8 In] Manlipoplex. Also, the amplification of pDNA by PCR suggested that the Man-lipoplex is more rapidly degraded within the intracellular vesicles than the lipoplex. These results suggested that modulation of the intracellular sorting may improve the transfection efficiency of the Man-lipoplex. Table 3 summarizes the various factors for in vivo cell-selective liposomal gene delivery obtained in our studies.
6.5. Application of Man-Lipoplex to Gene Therapy DNA vaccination, the administration of DNA-encoding antigen genes into the body, is of great interest in gene therapy for the immunotherapy of cancer and infectious diseases. Animal studies have shown that DNA immunization induces not only an antibody response but also a potent cell-mediated immune response against the encoding antigen. [114] [115] [116] This cell-mediated immune response plays a crucial role in the immune response against cancer and infectious diseases.
117)
Recently, we showed that the targeted delivery of DNA vaccine by Man-C4-Chol liposomes is a potent method of DNA vaccine therapy. 93) Although further improvements in transfection efficacy are required, the targeted delivery of DNA vaccine to DCs may improve future in vivo DNA vaccine therapies.
Conclusions
Successful drug and gene therapy requires the development of a rational delivery technology that satisfies various requirements for each target disease. We developed various lipid carrier systems for targeted drug and/or gene delivery following local or systemic injection. This information will be of value for the future use, design, and development of drug and/or gene delivery systems based on lipid carriers.
